We report measurements of the branching fractions and direct CP asymmetries (ACP ) for B → Kπ, ππ and KK decays (but not π 0 π 0 ) based on the final data sample of 772 × 10 6 BB pairs collected at the Υ(4S) resonance with the Belle detector at the KEKB asymmetric-energy e + e − collider. We set a 90% confidence-level upper limit for K + K − at 2.0 × 10 −7 ; all other decays are observed with branching fractions ranging from 10 −6 to 10 −5 . In the B 0 /B 0 → K ± π ∓ mode, we confirm Belle's previously reported large ACP with a value of −0.069 ± 0.014 ± 0.007 and a significance of 4.4σ. For all other flavor-specific modes, we find ACP values consistent with zero, including ACP (K + π 0 ) = +0.043 ± 0.024 ± 0.007 with 1.8σ significance. The difference of CP asymmetry between B ± → K ± π 0 and B 0 /B 0 → K ± π ∓ is found to be ∆AKπ ≡ ACP (K + π 0 ) − ACP (K + π − ) = +0.112 ± 0.027 ± 0.007 with 4.0σ significance. We also calculate the ratios of partial widths for the B → Kπ decays. Using our results, we test the validity of the sum rule
= 0 and obtain a sum of −0.270 ± 0.132 ± 0.060 with 1.9σ significance. Charmless B meson decays to Kπ, ππ and KK final states provide a good test bed to understand B decay mechanisms and to search for physics beyond the Standard Model (SM). Although predictions for the branching fractions under various theoretical approaches suffer from large hadronic uncertainties, direct CP asymmetries and ratios of branching fractions can still provide excellent sensitivity to new physics (NP), since many theoretical and experimental uncertainties cancel out in these quantities. The direct CP asymmetry is defined as
where f /f denotes a specific final state from a B + /B − or B 0 /B 0 decay. For instance, the observed A CP difference between B ± → K ± π 0 and B 0 /B 0 → K ± π ∓ [1] [2] [3] , also known as the ∆A Kπ puzzle, can be explained by an enhanced color-suppressed tree contribution [4] or NP in the electroweak penguin loop [5] . Other variables sensitive to electroweak penguin contributions are the ratios of partial widths, e.g., R c ≡ 2Γ( [3, [6] [7] [8] of these ratios are consistent with theory expectations [9] [10] [11] [12] , albeit with large errors. The experimental uncertainties, therefore, need to be improved to adequately compare data and SM predictions.
In this paper, we report measurements of the branching fractions for B → Kπ, ππ, and KK decays, other than B 0 → π 0 π 0 , and of the direct CP asymmetries for the modes with flavor-specific final states [13] . The measurements are based on 772 × 10 6 BB pairs, corresponding to the final Υ(4S) data set collected with the Belle detector [14] at the KEKB e + e − asymmetricenergy collider [15] . Compared to our previous publications [1, 6, 16] , we have increased the KK, K 0 π + and π + π − data samples by about 72%, the
and π + π 0 samples by about 44%, and the K 0 π 0 sample by about 18%, have included several improvements in reconstruction algorithms that enhance the reconstruction efficiency for the charged tracks, and have made numerous modifications to the analysis to improve the measurement sensitivity [e.g., by including an extra dis-criminating variable in the likelihood fit; see Eq. (2)].
We define our event selection criteria for these measurements as follows. Charged tracks originating from a B decay are required to have a distance of closest approach with respect to the interaction point less than 4.0 cm along the beam direction (z-axis) and less than 0.3 cm in the transverse plane. Charged kaons and pions are identified with information from particle identification detectors, which are combined to form a K-π likeli-
is the likelihood of the track being a kaon (pion). Track candidates with R K/π > 0.6 (< 0.4) are classified as kaons (pions). The typical kaon (pion) identification efficiency is 83% (88%) with a pion (kaon) misidentification probability of 7% (11%). A tighter R K/π requirement (> 0. 7 
the charged kaon or pion. Consequently, the correlation coefficient falls from +18% to −4%, as shown by a Monte Carlo (MC) study.
The dominant background arises from e + e − →(q = u, d, s, c) continuum events. We use event topology to distinguish spherical BB events from the jet-like continuum background. A set of modified Fox-Wolfram moments [18] is combined into a Fisher discriminant. Signal and background likelihoods are formed based on MC events. The likelihood, L, is the product of the probability density functions (PDFs) for the Fisher discriminant, the cosine of the polar angle of the B-meson flight direction in the CM frame, and the flight-length difference (∆z) along the z-axis between the decay vertex of the signal B and the vertex formed from the tracks not associated with the signal B. The decay vertices for B + → h + h 0 (where h 0 represents π 0 or K 0 ) candidates are estimated by the point of closest approach of the h + trajectory to the z-axis. Since the K 0 π 0 mode has no primary charged track, the ∆z variable is not used. A loose continuum suppression requirement of R > 0.2 rejects more than 70% of the background, where
, whose distribution for signal or backgrounds is easily modeled by analytical functions.
Background contributions from Υ(4S) → BB events are investigated with large MC samples that include B decays to final states with and without charm mesons. After all selection requirements are imposed, backgrounds with charm mesons are found to be negligible; charmless backgrounds from multibody B decays are present at negative ∆E values. We also identify feed-across backgrounds from other B → hh channels, which are typically shifted by 45 MeV in ∆E due to K-π misidentification.
Signal yields are extracted by performing unbinned extended maximum likelihood fits to the (M bc , ∆E, R ′ ) distributions of the candidates. The likelihood function for each mode is
, where
Here, i is the event index and N j is the yield of events for the category j, which indexes signal, continuum, feedacross, and other charmless B decays.
is the PDF in M bc , ∆E, and R ′ for the i-th event. The flavor q of the B-meson candidate is +1 (−1) for B + and B 0 (B − and B 0 ); A CP,j is the direct CP asymmetry for category j. For CP specific modes,
The validity of the three-dimensional fit is checked by large ensemble tests using MC events and studies of data in high statistics control samples of
The measured branching fractions for the control samples are consistent with the corresponding world-average values [19] . Our transition to a three-dimensional fit, compared to the twodimensional fit of previous publications [1, 6] , results in an effective gain in luminosity of 32%, 33% and 466% [20] for B → K + π − , K + π 0 and K + K − decays, respectively, as evaluated by ensemble tests.
We perform three separate simultaneous fits for pairs of modes that feed across into each other: (a)
For these fits, feedacross fractions are constrained according to the identi- The continuum background PDF is described by the product of a first-or a second-order Chebyshev polynomial for ∆E, an ARGUS function [24] for M bc , and a double Gaussian function for R ′ , modeled using offresonance data. The ∆E shape coefficients, the ARGUS slope parameter, and the R ′ mean and width are free parameters in the fit. A slight correlation (|r ij | < 3%) between the ∆E shape coefficients and R ′ is found in continuum events. Therefore, the continuum ∆E shape coefficients are allowed to vary in four different R ′ regions. For charmless B backgrounds, a two-dimensional histogram is used for (M bc , ∆E) to account for the correlation between these variables, while a double Gaussian function is employed for R ′ .
Projections of the fit in M bc and ∆E are shown in Figs. 1 and 2, while projections in R ′ can be found in the appendix. Table I summarizes the fit results for all modes. Assuming the production rates of B + B − and B 0 B 0 pairs to be equal at the Υ(4S) resonance, the branching fraction for each mode is calculated by dividing the fitted signal yield by the number of BB pairs and the reconstruction efficiency. Significant signals are observed in all channels except B 0 → K + K − (which has 1.2σ significance). An upper limit at 90% confidence level on the branching fraction for this mode is obtained by integrating the likelihood distribution, which is convolved with a Gaussian function whose width equals the systematic uncertainty.
The fitting systematic uncertainties are due to signal PDF modeling, feed-across constraints and charmless B background modeling. The PDF modeling uncertainties are estimated from the differences in signal yields while varying the calibration factors of signal PDFs by one standard deviation. The uncertainty that arises from the modeling of final state radiation (FSR) is determined by lowering the photon energy threshold in PHOTOS [26] from 26 MeV (default) to 2.6 MeV to derive a new set of signal PDFs, and subsequently a new fitted yield. For h + π 0 modes, the latter uncertainties are negligible since photon shower leakage in the calorimeter causes a much larger ∆E tail than FSR. Uncertainties in K-π misidentification probabilities and fractions of feed-across events account for the dominant systematic uncertainty of 42.17% in the B 0 → K + K − channel, and 0.18% to 2.28% for the other modes. Also a 0.45% fitting bias for B 0 → K + π − is incorporated by taking half of the yield deviation ratio in ensemble tests with the simultaneous fit. The systematic uncertainties due to charmless B backgrounds are evaluated by measuring the difference in the fitted yield after changing the fitting region to ∆E > −0.12 GeV. The above deviations in the signal yield are added in quadrature to obtain the overall systematic error due to fitting.
The systematic error in efficiency caused by the likelihood ratio cut, R > 0.2, is investigated using control samples [23] . The systematic uncertainty due to charged-track reconstruction efficiency is estimated to be 0.35% per track using partially reconstructed 
Points with error bars represent the data, while the curves denote various components of the fit: signal (solid red), continuum (dashed blue), charmless B background (hatched green), background from misidentification (filled yellow), and sum of all components (solid black). The ∆E and M bc projections of the fits are for events in the R ′ signal enhanced region (R ′ > 1.47 for K + π − , π + π − , and K 0 π 0 ; R ′ > 2.71 for others) and M bc > 5.27 GeV/c 2 or −0.14 (−0.06) GeV < ∆E <0.06 GeV with (without) a π 0 in the final state.
to the R K/π selection, which is around 0.8% for kaons and 0.9% for pions, is determined from a study of the
; the systematic uncertainties on K 0 S and π 0 reconstruction are studied using the
π sample and the yield ratio between η → π 0 π 0 π 0 and η → π + π − π 0 , respectively. The systematic uncertainty due to the error on the total number of BB pairs is 1.37% [27] . The uncertainty due to signal MC statistics is 0.2%. The final systematic uncertainty is obtained by summing all these contributions in quadrature and Table II summarizes all the systematic uncertainties.
Out of the five flavor-specific decay modes presented in Table I , clear evidence for direct CP asymmetry is found only in the B 0 → K + π − channel. The A CP systematic errors due to fitting are estimated with the same procedure as applied for the branching fractions. Possible detector bias due to tracking acceptance and R K/π selection for h 0 π + modes are evaluated using the measured A CP values from the continuum. Since there is a negligible proton contamination arising from p-π misidentification in the continuum, we conservatively assign its A CP value as the systematic uncertainty: this is 0.66 × 10 
The selections for fit projections and PDF component descriptions are identical to those in Fig. 1 
TABLE II: Systematic uncertainties (%) on the measured branching fractions of B → hh. 
The selections for fit projections and PDF component descriptions are identical to those described in Fig. 1. for B + → π + π 0 and 0.63 × 10 −2 for B + → K 0 π + . With regard to the detector bias for h 0 K + modes, a sizable number of protons are included due to p-K misidentification in continuum events. Therefore, the possible bias is more reliably estimated using D [28] and is found to be (+0.33 ± 0.19) × 10 −2 ; we correct the A CP values for the bias and assign 0.19 × 10 −2 as the systematic uncertainty on A CP . For the bias of the charged kaon and pion identification in the K + π − mode, we shift the A CP value by −0.33 × 10 −2 and quote 0.67 × 10 −2 as the systematic uncertainty for the residual bias. For K 0 K + and K 0 π + modes, we shift A CP further for the measured CP asymmetry induced by the SM K 0 − K 0 mixing:
. The quadratic sum of the fitting and bias uncertainties gives the total A CP systematic error, which ranges from 0.002 to 0.007. Compared to our previous measurement of
.007, differs by 0.025 due to a smaller measured central value in the newest data set of 237 × 10 6 BB pairs. Aside from this difference, the measurement is consistent with our previous publication and other experimental results [2, 29, 30] . Furthermore, the updated difference of CP
is given by +0.112 ± 0.027 ± 0.007 with significance of 4.0σ; this confirms our earlier result, as evident in Fig. 3 .
The ratios of partial widths for B → Kπ and B → ππ can be used to search for NP [10] [11] [12] . These ratios are obtained from the measurements listed in Table I . The ratio of charged to neutral B meson lifetime, τ B + /τ B 0 = 1.079 ± 0.007 [19] , is used to convert branching fraction ratios into partial width ratios (see Table III ). The total uncertainties are reduced because of the cancellation of common systematic uncertainties. These ratios are compatible with SM expectations [9] [10] [11] [12] and supersede our previous results [6] . The partial widths and CP asymmetries are used to test the violation of a sum rule [31] given by A CP (
; the sum is found to be −0.270 ± 0.132 ± 0.060 (1.9σ significance), using the results in Table I , III and A CP (K 0 π 0 ) = +0.14 ± 0.13 ± 0.06 [16] ; this is still compatible with the SM prediction. All of these results provide useful constraints to NP models and our uncertainties are now comparable with those of the corresponding theoretical calculations.
In conclusion, we have measured the branching fractions and direct CP asymmetries for B → Kπ, ππ and KK decays using 772 × 10 6 BB pairs, which is the final data set at Belle. We confirm a large ∆A Kπ value Table I .
with the world's smallest uncertainty. Including this result, the current world average is +0.124 ± 0.022 (5.6σ significance) [32] . We find no significant deviation from SM expectations on the partial width ratios and the A CP (Kπ) sum rule, and these measurements continue to constrain the parameter space for NP. We report a new upper limit for B 0 → K + K − that is improved by a factor of two over the current most restrictive limit [6] and is consistent with the latest LHCb result [30] . Compared to previous studies, all systematic uncertainties are decreased, including tracking, kaon/pion identification, K 0 S reconstruction efficiencies, and the likelihood ratio requirement. The inclusion of the three-dimensional fit and improvements in systematic studies have substantially reduced the uncertainties for all channels and have increased the effective size of the data set. The uncertainties for partial width ratios are all improved, especially for R c (by a factor of 1.6) and R n (by a factor of 1.4).low statistics channel to suppress the high backgroundlevel. Therefore, the luminosity gain for K + K − , which comes from the three-dimensional fit, is substantially larger than K + π − and K + π 0 for the same R cut. 
